Chitosan is a kind of amino polysaccharide biopolymer with good film-forming, biocompatibility, biodegradability, bacteriostasis and nontoxic, obtained from the deacetylation of chitin, which contains abundant active amino and hydroxyl groups. With creative properties, functions and various applications especially in the biomedical field, chitosan is mainly used as pharmaceutical membrane, gel, microsphere (microcapsule), nanoparticle, drug and gene delivery, etc. This minireview provides an overview on the structure and properties of chitosan, the applications of chitosan biomaterials is introduced, and its research and development in the biomedical field are prospected.
Introduction
Chitosan is the only natural polycation alkaline polysaccharide with glucosamine content of more than 90%. It has the similar structure characteristics of mucopolysaccharide, which is one of the organic components of cell membrane and widely distributed in tissues. [2] Therefore, chitosan has outstanding film-forming, biocompatibility, biodegradability, bacteriostasis and non-toxic properties, can resist bacteria and inflammation, promote wound healing, and has the functions of anti-acid, anti-ulcer, lipid reduction, cholesterol reduction and direct inhibition of tumor cells. In addition, it can show anti-cancer activity by activating the immune system, and enhance the anti-cancer effect when combined with existing anti-cancer drugs. It is a kind of safe and reliable natural bioactive polysaccharide, and has become a hotspot in the field of biomaterials in recent years. [3] [4] [5] Biomaterials are defined as a kind of natural or synthetic special functional materials, which are utilized to contact and interact with life systems, and can diagnose, repair, replace or induce regeneration of cells, tissues and organs. Biomaterials include synthetic materials and natural materials. There are single materials, composite materials and hybrid materials made of living cells or natural tissues combined with inanimate materials. Biomaterials interact with biological bodies, whose therapeutic approach is characterized by direct combination. The biocompatibility and biodegradability of synthetic polymers are limited compared to those of natural polymers, are not drugs. However, materials found abundant in nature have limited reactivity and ability to process for further applications. Natural polymers receive great attention since their structural similarity with biological macromolecules makes them easily recognized by the bio-environment and therefore easily metabolized to residues that are nontoxic and naturally eliminated. [6] In this regard, aments of scientific literature showed that natural and abundant chitosan with biocompatibility, biodegradability, and non-immunogenic properties are attractive agents for various biomedical applications, such as tissue engineering scaffolds, drug and gene delivery vehicles, and permeable membranes, etc. [7] In this paper, the molecular structure and properties of chitosan are described, and the applications of chitosan in biomedical materials in recent years are also summarized.
Structure and properties of chitosan
Chitin is the second largest natural biopolymer only after cellulose, widely found in crustaceans of marine arthropods such as shrimp and crab, crustaceans of insects, bacterial and algal cell membranes, shells and skeletons of mollusks and cell walls of higher plants. It is a recyclable renewable resource, inexhaustible and inexhaustible, mainly distributed in coastal areas. [8] The ratio of chitin obtained from dried shrimp and crab processing waste was 14%-27% and 13%-15%, respectively. [9] Due to the intractable molecular structure of chitin, it still the main underutilized resource despite its easy availability and huge annual output. As a biomaterial with potential activity in different fields, it has important research significance.
Chitosan, a partially deacetylated product of chitin, is a copolymer consisting of β-(1→4)-2-acetamido-D-glucose and β-(1→4)-2-amino-D-glucose units, [10] with the latter usually exceeding 80%. Glucosamine is the basic component of chitosan, chitobiose, the final product of natural degradation of chitosan by chitosanase, and it is the basic structural unit of chitosan. The structure of chitosan is shown in Figure 1 . Chitosan has a double helix structure with a pitch of 0.515 nm. Six glycoresidues form a helix plane.
The basic unit of chitosan molecule is glucose with amino group, which contains amino group, hydroxyl group and N-acetylamino group, so it is active and can be modified, activated and coupled, for example, carboxylation, etherific ation, crosslinking, chelation and acylation. The amino group, hydroxyl group and N-acetylamino group on the molecular chain of chitosan will participate in the formation of intramolecular and intermolecular hydrogen bonds, which form the secondary structure of chitosan. [11] There are two intramolecular hydrogen bonds in the chair structure of glucosamine residues of chitosan, one is the formation of C(3)-OH with the glycoside group on another adjacent chitosan molecular chain, the other is the formation of C(3)-OH of glucosamine residues with the oxygen atom on the adjacent chitosan furan ring. C(3)-OH, C(2)-NH2, C(6)-OH and other functional groups of chitin and chitosan can form intramolecular and intermolecular hydrogen bonds, so chitosan has the molecular characteristics of swelling, diffusion, adsorption, water retention, and difficult to be digested and absorbed by human body. [12] Chitin and chitosan, because of the strong hydrogen bond between molecules, possess regular molecular chain, good crystallinity, good physical and mechanical properties such as adsorption, film-forming, fiber-forming and moisture retention. The abundance of hydroxyl groups and highly reactive amino group or its N-acetyl counterpart with strong tendency for intraand intermolecular hydrogen bonds, results in the formation of linear aggregates and rigid crystalline domains. The individual chains are linear and undergo one full twist every 10.1-10.5 Å along the chain axis. [13] This natural biopolymer can be presented in different structural forms, according to its biological function and its natural source. These forms are differentiated according to the arrangement of the carbohydrate chains. [14] X-ray model and NMR spectra help in designating three crystal types: α，β and γ of chitosan. The most common allomorph, known as α conformation, is generally isolated from the exoskeleton of crustaceans, yeast cell walls and arthropod cuticle and consists of two reverse and parallel chains, in which the units are orthorhombic, have higher thermodynamic stability probably due to hydrogen interactions between chains. It is usually deposited together with minerals, which participates in the formation of a hard shell, forming a compact structure. The second common allomorph known as the β-conformation, usually extracted from squid pens, composed by two parallel chains, corresponding to monoclinic units, showed hardness, flexibility and fluidity perhaps owning to the polymer chains arranged in a parallel fashion leading to weaker intermolecular forces, usually combined with collagen. The β-chitin easily transformed into α-form by reflux in hydrochloric acid and acetylation. The third form γ-chitin, very rare, could found in thick epithelium of squid's stomach, possesses two identical chains in association with one reverse and top-down chain, which appears to be a combination of α and β forms rather than a different allomorph. [15] Both chitin and chitosan possess reactive hydroxyl and amino groups, but chitosan is usually less crystalline than chitin, which presumably makes chitosan more accessible to reagents and more suitable for biomaterials. As shown in Figure 1 , the α-chitin, β-chitin and γ-chitin correspond to anti-parallel, parallel, and alternated arrangements of polymer chains, respectively.
Massive studies found that molecular weight, degree of deacetylation, active group and bonding mode of chitosan and its derivatives are important factors for their remarkable biomedical properties. The biological properties of chitosan and its corresponding biomedical applications are shown in Figure  2 .
Figure 2
The biological properties of chitosan and its corresponding biomedical applications.
(1) Antibacterial. Chitosan dissolved solution contains amino (NH 2+ ), which can inhibit bacteria by binding negative electrons and its antibacterial activity of chitosan will increase with its concentration. Chitosan has a strong inhibitory effect on Escherichia coli and Staphylococcus aureus. [16] It can inhibit the growth of a variety of bacteria, showing the characteristics similar to antibiotics, and has an antibacterial effect in a wide range of molecular weight and is an ideal natural food preservative.
(2) Adsorption. Chitosan has a strong adsorption function, and can selectively adsorb heavy metal ions, cholesterol, triglyceride, cholic acid and grease. [20] Chitosan can't be digested, absorbed and increased by gastrointestinal tract in a short time. Instead, it can absorb fat. Fat can effectively prevent the digestive system from absorbing cholesterol and triglycerides, and prevent the accumulation of cholesterol and fatty acids in the body. Eating 2-3 g chitosan every day can absorb fat in food and reduce body weight. [21] (3) Moisture retention. There are numerous active hydrophilic polar groups in chitosan derivatives, such as OH, COOH and NH2, which can make them show moisture retention poly ionomer. [22] The hydroxyl content of carboxylated chitosan is much higher than other derivatives and the carboxyl group has hydrophilicity, which can combine more water. Therefore, its moisture absorption and moisture retention are significantly higher than other types of chitosan derivatives.
(4) Film forming. Chitosan is a linear polymer with stable physical and chemical properties, biodegradability, good adhesiveness and excellent film-forming properties. The film-forming ability of chitosan is closely related to its internal structure.
Chitosan is partially deacetylated glucosamine. The higher deacetylation degree is, the lower swelling property and tensile strength of the membrane are, and the more difficult the corresponding chitosan membrane is to degrade in vivo and in vitro. [23] The application of chitosan membrane in medical treatment is mainly to prevent postoperative abdominal adhesion, to make artificial kidney membrane, artificial skin and drug slow-release materials. [24] In addition, chitosan membrane has been used as contact lens film, dental operation material,
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injured or damaged nerve repair material and purification of drugs and serum antibodies.
(5) Regulatory. Chitosan can activate lymphocytes with immune function in vivo to distinguish between normal cells and cancer cells, and kill cancer cells. [25] It can also regulate the pH value of the body to faint alkalinity, which helps to the prevention and treatment of diabetes by improving the utilization rate of insulin. In addition, it also holds the function of governing the endocrine system, making insulin secretion normal, inhibiting the rise of blood sugar and reducing blood lipid. [26] (6) Biodegradability. Chitosan has obvious degradation under the action of lysozyme. [27] The degradation products are methoxy and oligosaccharide, which can be decomposed, absorbed and metabolized in human body and are safe to human body generally for no side effect, no immunogenicity and no accumulation in vivo. The degradation rate of chitosan in vivo is related to its molecular weight. It can be utilized to prepare surgical sutures, artificial skin, bone repair materials, artificial dialyzing membrane etc. In addition, N-acetylglucosamine, a degradation product, can repair scar tissue well, which can be used as cancer chemotherapy drugs because it is toxic to some malignant tumors in vivo but little effect on normal body.
Applications of chitosan biomaterials
Structure of chitosan contains active free amino group, which combines with H after dissolved in acid to form a strong positive charge ion group, improving the acid constitution, strengthening the immune function, eliminating harmful substances and maintaining the normal pH of body. Chitosan has the fusion with human cells, which makes it have a variety of biological activities and biocompatibility. It can be absorbed by human body. It is the growth factor of Bifidobacterium in intestinal tract, and has an effect of promoting the absorption of tetracycline, aureomycin and other antibiotics by blood, which is beneficial and harmless to human body. Chitosan possesses all the characteristics required for an ideal contact lens such as optical clarity, adequate optical correction, permeability, mechanical stability, wettability and immunological compatibility. At present, chitosan has been used in absorbable sutures, wound dressings, orthopedic, periodontal implants, anti-tumor therapy, vascular and cardiovascular repair, etc. [28] According to the Pharmacopoeia of the People's Republic of China (Volume 4), chitosan is used for pharmaceutical excipients, disintegrants, thickeners, etc. [29] Delivery vector Drug vector can change the way and distribution of drugs into human body, control the release rate and transport drugs to target organs. Drug carrier materials play a key role in the research of controlled release preparations, which can improve the utilization, safety and effectiveness of drugs, thus reducing the incidence of drug administration. The materials used as drug carriers are required to be stable, non-toxic, non-irritant, not affecting the pharmacological effect of drugs, with certain strength, viscosity, solubility, etc. [30] Drug delivery Chitosan is an idle material for drug control-release carrier due to its nontoxic and bioabsorbable. [31] Chitosan has been effectively used in drug delivery as a hydrogel system, drug conjugate, biodegradable release system and polyelectrolyte complex for many components. [32] [33] [34] [35] Chitosan-based systems are used for the delivery of proteins/peptides, growth factors, anti-inflammatory drugs, antibiotics, vaccines, as well as, in gene therapy and bioimaging applications. Sustained drug release vehicles include microspheres, beads, compressed tablets, nanoparticles, gels, and films. [36] Chitosan offers mucoadhesive and penetration properties due to ionic interactions between the positive charged primary amino groups on the polymer and negatively charged sialic acid substructure of the mucus. Drug delivery applications include oral, nasal, ocular and transdermal routes for drug targeting systems. [37, 38] Chitosan is a kind of hydrophilic cationic polysaccharide, easy to prepare self-assembled nanospheres by chemically crosslinking the active amino groups on the backbone of chitosan. The nanospheres can circulate in the blood for a long time without phagocytosis and graft the target ligand, which easily deposit in the designated lesion site and get full treatment. Kim [39] connected bile acid to glycol chitosan skeleton with carbodiimide, which made chitosan has strong hydrophilicity. The results demonstrated that the microspheres can circulate in the blood for a long time. When loaded with adriamycin, paclitaxel, doxycycline and other anticancer drugs to treat tumors, the nanospheres showed excellent a therapeutic effect and delivery capacity.
Gene delivery
In recent years, gene therapy has a good application prospect in genetic disease diagnosis and treatment, vaccination and tissue engineering. The successful delivery of genes is a critical step for gene therapy. However, concerns about immunogenicity and toxicity are the main obstacles against the widespread use of effective viral systems. Therefore, nonviral vectors are regarded as good alternatives to viral vectors. Chitosan is a natural cationic polysaccharide that could be used to create nonviral gene delivery vectors. Various studies have been reported developed to improve the properties of chitosan related to gene delivery.
Chitosan has the ability to bind nucleic acids through electrostatic interactions and is endocytosed into the cell without dissociation of the chitosan-DNA complex. [40] It plays an important role in both membrane adhesion and lysosomal escape of the encapsulated DNA for efficient cell transfection. The research of chitosan nanocomposites designed as therapeutic gene delivery carriers has been developing rapidly. Li et al. [41] prepared siRNA/folate poly (ethylene glycol)-chitosan lactate nanoparticles by ionic gelation and applied it to gene therapy for ovarian cancer. The results showed the potential of effective therapy for ovarian cancer. [42] [43] [44] Biological tissue engineering Tissue engineering includes human orthopedics, teeth, soft tissues such as blood vessels, liver organs, etc. Chitosan and its derivatives have been reported as bio-scaffold for tissue engineering especially for skin and bone. They degrade with the new tissues formed, without inflammatory reaction or toxic degradation eventually. Porous chitosan has been employed as scaffold for bone osteoblasts, skin fibroblasts and keratinocytes. Yeh et al. [45] synthesized chitosan cellulose scaffolds, grafted with sodium tripolyphosphate and polymethyl methacrylate, and finally coated with gelatin, Schwann cells and fibroblasts, two kinds of cells. All of them adhered to the surface of chitosan and grew rapidly after 24 h, which indicated that chitosan could provide cell growth scaffolds for various tissues. Shaltooki [46] made porous (about 70 vol%) nanocomposite scaffolds with polycaprolactone (PCL) and different amounts (0 to 15 wt%) of 45S bioactive glass (BG) nanoparticles (with a particle size of about 40 nm) containing 7 wt% strontium (Sr) were fabricated by solvent casting technique. The results displayed the fabricated chitosan-coated porous PCL/BG nanocomposite containing 15 wt% BG nanoparticles could be utilized as a good Minireview prospect in bone tissue engineering. Chitosan scaffolds in various forms such as film, sponge, gel and particulate systems have been produced. [47, 48] Chitosan based systems for soft tissues like skin, adipose tissue, cornea, liver, nerve, CNS, blood vessel reengineering have been reviewed. [49, 50] Medical applications Antimicrobial Chitosan has several advantages over other types of disinfectants, in that, it possesses a higher antibacterial activity, a broader spectra of activity, a higher killing rate, lower toxicity toward mammalian cells and low odds of resistance. Scientists revealed that the antimicrobial action was likely caused by the presence of protonated amino groups on CS skeleton. Some studies have proved that its antibacterial activity is related to molecular weight, CS concentration, pH, temperature, salinity, etc. [51, 52] Recent researches have focused on employing chitosan and its derivatives as effective agents to inhibit biofilm formation and attenuate virulence properties by various pathogenic bacteria. Antimicrobial activity can be further enhanced by conjugation with a wide range of bioactive compounds. Ruaanna [53] synthesized chitosan nanoparticles (CNP) via ionic gelation and used for the preparation of starch-based nanocomposite films containing different concentration of CNP (0, 5, 10, 15, 20% w/w). Antimicrobial properties of starch/CNP films was evaluated via in vitro and in vivo study. It was found that inhibitory zone of the 15% and 20% of starch/CNP films were clearly observed for all the tested bacteria including Bacillus cereus, Staphylococcus aureus, Escherichia coli and Salmonella typhimurium.
Wound healing
Chitosan modulates macrophage function and the secretion of numerous enzymes like collagenase and cytokines like interleukins and tumor necrosis factor during the wound healing process. Chitosan can accelerate the regeneration of epithelial cells, promote wound healing through cell proliferation, and attract a large number of polymorphonuclear cells and macrophages through mild acute inflammatory response to remove tissue debris and blood clots. Chitosan can promote the migration of fibrocytes, chemotaxis, migration and activation of stromal cells, accelerate the process of cell proliferation and tissue remodeling, and promote tissue repair. Chitosan can also inhibit the production of type I collagen, promote the secretion of type III collagen and the formation of granulation and epithelial tissue, reduce the contraction of wound, thus play a role in reducing scars. Furthermore, chitosan has excellent film-forming performance, which can accelerate wound healing and prevent massive bleeding. Studies have shown that chitosan can be used for various wound healing applications such as hemostatic bandages. Aamna [54] involved the in-situ synthesis of silver nanoparticles within the chitosan-sericin colloidal composite followed by preparation into chitosan-sericin-silver nanocomposite (CSSN) films by solvent casting technique. The antibacterial activity of the CSSN films was performed against seven pathogenic bacterial strains including five ATCC and two clinical strains. The potential wound healing activity of the composite films was evaluated on burn wound model induced in Sprague Dawley male rats. The results showed that the prepared films indicated a remarkable wound healing applications with successful fibrosis, collagen reorganization, neovascularization, and mild epidermal regeneration after 7 d of treatment with no silver ion detection in animal's blood.
Hemostatic agent
Chitosan has the property of promoting blood coagulation and can play the role of hemostasis. This effect is the result of a reaction between chitosan and a variety of components in the blood. The amino group in chitosan chain is the main cause of blood reaction and blood coagulation. The amino groups on the chitosan chain are positively charged by binding protons, and interact with the receptor of the negatively charged neuraminic acid residue on the cell surface, promoting platelet aggregation, activating coagulation system and forming blood clots by crosslinking red blood cells. The receptors of neuraminic acid residues interact with each other to promote platelet aggregation, activate coagulation system and crosslinked red blood cells to form blood clots. The deacetylation degree and molecular weight of chitosan have great influence on blood reaction, especially on the activation of complement system. Increasing research publications indicate to the fact that the hemostatic effects of chitosan are related to both platelet and erythrocyte aggregations. Positively charged chitosan is more effective as a blood coagulant for it promotes hemostasis by linking erythrocytes together to form a lattice to entrap the cells.
Hemostatic dressings can staunch bleeding from wounds. Several chitosan-based materials, including chitosan suspensions, sponges, bandages and beads, have been found to be effective on in vitro blood coagulation, platelets activation or agglutination of red blood cells. Ouyang [55] constructed a new composite sponge by using chitosan/tilapia peptides microspheres as fillers and chitosan as matrix and used for hemorrhage control. The results indicated that the composite sponge can absorb large volume of water, accelerate blood clotting, increase platelet adhesion and promote conversion of fibrinogen to fibrin. Particularly, the bleeding time was shortened greatly, and the bleeding volume was reduced significantly.
Antitumor
On one hand, chitosan and its derivatives, through molecular mediation, regulate the immune system function of the body, enhance the resistance of the body to a variety of pathogenic microorganisms, and present staining resistance and antitumor activity. The anti-infective and anti-tumor activities of chitosan were different with different molecular weight and substituted functional groups. Among them, chitosan with relative molecular weight of 2510, 1950 and 1000 can improve the immune function of red blood cells, enhance the ability of red blood cells to adhere to tumor cells, and obviously inhibit the tumor. On the other hand, the surface of tumor cells has more negative charge. Chitosan, as a polycation electrolyte, is easy to absorb to the surface of cancer cells to neutralize the charge, inhibit the growth and metastasis of tumor cells, and even kill cancer cells. The derivatives of chitosan can still maintain this property. Song [56] researched the antitumor activities of chitosan with molecular weight of 3, 65 and 600 kda and zero valent selenium (Se 0 ) nanoparticles stabilized by oligosaccharides. High molecular weight chitosan stabilized nanoparticles are not only easier to release selenium than low molecular weight chitosan, but also easier to be absorbed by HepG2 cells through electrostatic action. In addition, they are more effective in inhibiting the activity of HepG2 cells. The high ROS level of cancer cells can easily induce the release of selenium from these nanoparticles, and oxidize the less toxic Se 0 to the highly toxic Se 4+ . The latter not only consumes antioxidant enzymes, but also causes mitochondrial dysfunction and apoptosis. The anti-tumor and side effects of xenotransplantation of HepG2 in BALB/C nude mice showed that CS-Se 0 NPs had a higher selectivity for cancer cells, but they had a limited effect on normal cells with relatively low levels of reactive oxygen species.
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Conclusions and Perspectives
Chitosan, with abundant, nontoxic, biodegradable, biocompatible and blood compatible, and so on, is the only natural cationic alkaline polysaccharide in nature. Its molecule structure contains plenty of hydroxyl groups and amino groups, existing in the form of helix structure. Depending on the arrangement of carbohydrate chains, the natural biopolymer can be presented in three structural types: α, β, γ. It shows excellent biological characteristics such as antibacterial, adsorption, film-forming, moisture retention, degradability and regulatory effect. Chemical modification of chitosan can broaden its application scope to meet diverse application needs. Because of its outstanding biological characteristics and safety, it is extensively used in the fields of biological vector, tissue engineering and biomedicine.
According to the existing literature reported, plenty of researches have been carried out on α-chitosan in recent decades. Compared with α-chitosan, β-chitosan has weaker molecular binding force, larger solubility, higher viscosity, higher safety, and biological activity about 4 times higher than it. At present, there are few reports on β-chitosan. Chitosan and its derivatives have a significant effect on wound healing, being excellent medical dressing. However, the poor spinnability and strength of chitosan limit the development of pure chitosan in biomedical field. To explore the economical and environment friendly production technology of β-chitosan, to carry out grafting modification and to strengthen the development of drug loading system will be a research hotspot in the biomedical field in the future.
